The proteasome inhibitor bortezomib is the most successfully applied chemotherapeutic drug for treating multiple myeloma. However, its clinical efficacy reduced due to resistance development. The underlying molecular mechanisms of bortezomib resistance are poorly understood. In this study, by combining in silico analysis and sgRNA library based drug resistance screening assay, we identified SENP2 (Sentrin/SUMO-specific proteases-2) as a bortezomib sensitive gene and found its expression highly downregulated in bortezomib resistant multiple myeloma patient's samples. Furthermore, down regulation of SENP2 in multiple myeloma cell line RPMI8226 alleviated bortezomib induced cell proliferation inhibition and apoptosis, whereas, overexpression of SENP2 sensitized these cells to bortezomib treatment. We further demonstrate that knockdown of SENP2 in RPMI8226 cells increased SUMO2 conjugated IκBα that resulted in the activation of NF-κB. Taken together, we report that silencing of SENP2 and consequent activation of NF-κB through the modulation of IκBα sumoylation as a novel mechanism inducing bortezomib resistance in multiple myeloma.
In preclinical studies bortezomib showed anti-multiple myeloma effects, such as, inhibition of cell growth promoting ΝF−κΒ (Nuclear factor kappa-light-chain-enhancer of activated B cells) pathway 10 , induction of apoptosis by tumor suppressor p53 11 , inhibition of cell cycle and induction of apoptosis by Bcl2 12 . Bortezomib treatment alone or in combination with dexamethasone significantly increased the overall survival and relapse free survival in MM patients 13 . Furthermore, bortezomib shown synergistic effect when treated in combination with dexamethasone and immunomodulator, the response rates were 30%, and 60-90%, respectively 14 . Despite initial clinical success, MM patients eventually developed resistance to bortezomib therapy and thus limiting its clinical efficacy 15, 16 .
Sumoylation is a process of posttranslational modification of target proteins by small ubiquitin-like modifier (SUMO). The attachment of SUMOs is catalyzed by an enzymatic cascade consists of an activating enzyme (E1), a conjugating enzyme (E2) and a ligase (E3). Sumoylation is a reversible process; SUMO detachment is carried out by SUMO proteases, originally called as Sentrin-specific Proteases (SENPs), which detaches SUMOs from the target proteins through a process called deSUMOylation 17 . Sumoylation plays a crucial role in various cellular processes such as gene regulation, genome stability, DNA damage response, protein trafficking, signal transduction and cell cycle control [18] [19] [20] . Due to its involvement in various cellular processes, not surprisingly dysregulation of sumoylation pathway is implicated in tumorigenesis and drug resistance in many cancers including MM 21, 22 .
In this study, we combined in silico analysis and bortezomib drug resistant screening assay to identify the genes, which contribute to the development of bortezomib resistance in MM. We identified SUMO-specific protease, SENP2 as a significantly downregulated gene in bortezomib resistant MM patient's samples and found it as a sensitive gene in bortezomib resistance screening assay. Furthermore, we show that loss of SENP2 expression potentiates bortezomib resistance development by activating NF-κB through the modulation of IκBα sumoylation.
Results

SENP2 is a bortezomib sensitive gene and its expression is highly downregulated in bortezomib resistant MM patient's samples.
To uncover the molecular mechanisms contributing to the development of bortezomib resistance in MM, we aimed at identifying the genes whose loss of expression in MM may lead to bortezomib resistance development. For this purpose, we performed differential gene expression analysis in bone marrow plasma cells of MM patients (n = 12) and healthy donors (n = 22) from GSE5900 public dataset and found 1214 genes as significantly down regulated in MM patients compared to healthy donors. Among the down regulated genes, we found specifically SENP2 expression was highly down regulated in MM patients compared to healthy donors ( Fig. 1A) . However, expression of other six human SENPs (SENP1, SENP3, SENP5, SNP6, SENP7 and SENP8) were found not differentially altered in MM patients compared to healthy donors ( Supplementary Fig. 1 ). To further validate these in silico findings, we developed sgRNA (small guide RNA) library based bortezomib resistance screening assay. For this purpose, we constructed sgRNA library for all 1214 down regulated genes in MM, for each gene 3 sgRNAs were designed, in total 3642 sgRNAs were designed. The screening was performed by using sgRNAs packed in lentivirus transduced into RMPI8226 cells as represented schematically in Fig. 1B and as described in detail in materials and methods section. With this screening and followed by next generation sequencing analysis, we identified 126 genes-sgRNA clones out of 1214 down regulated genes as highly resistant to bortezomib treatment (Fig. 1C ). Among these 126 bortezomib resistant clones identified by NGS, we found SENP2-sgRNA clones had the highest enrichment ratio indicating these clones develop highest resistance to bortezomib treatment ( Fig. 1D ). Furthermore, we validated these in silico and in vitro findings by performing expression analysis of SENP2 from in-house MM clinical samples and found that SENP2 expression indeed significantly downregulated in CD138+ bone marrow cells of bortezomib resistant MM patient's compared to bortezomib sensitive MM patient's both at the RNA expression ( Fig. 1E ) and protein levels ( Fig. 1F ). Altogether, these results demonstrate that SENP2 as a bortezomib sensitive gene and its expression is highly down regulated in bortezomib resistant MM patients, indicating crucial role for SENP2 in bortezomib resistance development.
SENP2 loss of expression reduced bortezomib induced cell proliferation inhibition and apoptosis in RPMI8226 cells.
Bortezomib exerts antitumor activities in MM through the inhibition of cell proliferation and induction of apoptosis. Therefore, we reasoned that SENP2 loss of expression could adversely affect the bortezomib induced cell cycle proliferation inhibition and apoptosis resulting in resistance development. To investigate this, we extracted SENP2-sgRNA clones from library, which have shown highest enrichment ratio in bortezomib resistance screening assay, wherein, SENP2 loss of expression was achieved by targeting its catalytic peptidase_C48 domain ( Fig. 2A ). As described earlier, SENP2-sgRNAs were packaged into lentivirus and transduced into RPMI8226 cells. After the selection of sgRNA clones, the insertion of mutations in peptidase C48 domain of SENP2 were confirmed by sequencing analysis (Fig. 2B ). As expected all of these 3 SENP2-sgRNA clones (Clone-A, Clone-B and Clone-C) shown complete loss of SENP2 protein expression compared to wild type cells ( Fig. 2C ). Furthermore, all these three SENP2-sgRNA clones showed significant reduction in bortezomib induced cell proliferation inhibition ( Fig. 2D ). Additionally, Clone-A cells were found to suppress induction of apoptosis upon bortezomib treatment ( Fig. 2E) . Similarly, Clone-B and Clone-C cells also shown to reduce the bortezomib induce apoptosis ( Supplementary Fig. 2 ). Taken together, these results demonstrate that SENP2 as a critical mediator for bortezomib induced anti-cell proliferation and apoptosis; thus, its loss of expression potentiates resistance development to bortezomib treatment in RPMI8226 cells.
Exogenous expression of SENP2 specifically abrogates bortezomib resistance.
To investigate further the role of SENP2 in bortezomib resistance development, we generated HA-SENP2 overexpression vector for the exogenous expression of SENP2 in bortezomib resistant SENP2 Clone-A cells and its exogenous expression was confirmed by western blotting analysis ( Fig. 3A) . Moreover, exogenous expression of HA-SENP2 modified bortezomib resistance by inhibiting the cell proliferation in Clone-A cells compared to vector alone transfected cells ( Fig. 3B ). In addition, exogenous expression of HA-SENP2 potentiated the dose dependent apoptosis induction upon bortezomib treatment in Clone-A cells compared to vector alone transfected cells, thus abrogating bortezomib resistance in these cells ( Fig. 3C ). Interestingly, exogenous expression of SENP2 had no effect on induction of apoptosis upon treatment of other therapeutic drugs such as, Dexamethasone, Melphalan and Staurosporine in bortezomib resistant Clone-A cells as well as in the wild type cells, indicating the specificity of SENP2 expression in potentiating bortezomib induced apoptosis ( Fig. 3D ). Altogether, these results demonstrate the specific role for SENP2 in overcoming bortezomib resistance in RPMI8226 cells.
SENP2 inhibits NF-κB activation by regulating sumoylation of IκBα. SENP2 is a SUMO specific
protease, which detaches SUMO modification on proteins 23 . Therefore, SENP2 may exert its anti-bortezomib resistance activity by suppressing drug resistance inducing NF-κB activity 24 through the regulation of sumoylation of proteins that are controlling NF-κB activity. As reported by others, increase in SUMO1 and SUMO2/3 levels affects NF-κB activity. SUMO1 and SUMO2/3 have antagonistic effects on NF-κB activation through regulation of NF-κB inhibitor, IκBα (Inhibitor of kappa B alpha) stability. SUMO1 modification of IκBα increases its stability by inhibiting ubiquitilation-mediated degradation and consequently inhibiting NF-κB activation 25 , where as, SUMO2/3 modification of IκBα results in its degradation through ubiquitilation and thus inducing NF-κB activation 26 . Therefore, we reasoned that SENP2 regulation of NF-κB activation is mediated by SUMO2 in inducing bortezomib resistance. To investigate this, we knockdown SENP2 using shRNA in RPMI8226 cells ( Fig. 4A ), as expected increase in SUMO2 protein levels was observed in SENP2 knockdown condition as compared to control knockdown condition ( Fig. 4B ). We further confirm the increase in SUMO2 protein levels upon SENP2 knockdown in another MM cell line, MM.1 S (Fig. 4B ). Whereas, SUMO1 levels are not affected by SENP2 knockdown in RPMI8226 and MM.1 S Multiple myeloma cell lines, indicating specific role for SENP2 in regulating SUMO2 levels in these cells ( Supplementary Fig. 3 ). Furthermore, we knockdown SENP2 and www.nature.com/scientificreports www.nature.com/scientificreports/ found increased NF-κB activation upon bortezomib treatment by electrophoretic mobility shift assay (EMSA) as assessed by increase in NF-κB binding to its consensus sites on biotin labeled DNA probe compared to control condition, herein, OCT1 serves as a internal EMSA control (Fig. 4C ). Moreover, increase in the phosphorylation of p65 and IκBα were observed in SENP2 knockdown cells, which are the known markers of NF-κB activation (Fig. 4D ), suggesting SENP2 as a negative regulator of NF-κB activation. In contrast, knockdown of SUMO2 ( Fig. 4E ) resulted in decrease in NF-κB binding to its consensus binding sites on biotin labeled DNA probe, suggesting SUMO2 as crucial mediator in SENP2 mediated inhibition of NF-κB activation (Fig. 4F) . Then, we investigated whether SUMO2 modification of IκBα is essential for SENP2 mediated NF-κB regulation. For this purpose, we knockdown SENP2 and found increase in SUMO2 conjugated IκBα by immunoprecipitation analysis (Fig. 4G) , and decrease in IκBα protein levels by western blot analysis ( Fig. 4D ), suggesting SENP2 controlled activation of NF-κB is via regulation of IκBα sumoylation and its degradation. Altogether these results demonstrate that SENP2 negatively regulates NF-κB activation through the modulation of IκBα sumoylation. Scramble shRNA or SENP2-shRNA were transiently transfected in RPMI8226 cells. After 48 hours, western blot analysis was performed to detect SENP2 protein levels. Here, GAPDH serves as a loading control. (B) MM cell lines, RPMI8226 and MM.1S were transfected with either scramble shRNA or SENP2-shRNA for 48 hours, then western blot analysis was performed to detect SUMO2 protein levels. Here, GAPDH serves as a loading control. (C) EMSA assay was performed to detect NF-κB binding to its consensus binding sites on biotin labelled DNA probe using cell lysates of RPMI8226 cells transfected with either Scramble shRNA or SENP2-shRNA for 48 hours and either untreated or treated with bortezomib 25 nM. Here, OCT1 serves as an internal control for EMSA assay. (D) NF-κB activation was analysed by western blotting analysis using cell lysates of RPMI8226 cells transfected with either scramble shRNA or SENP2-shRNA for 48 hours and followed by probing with antibodies against p-p65, p65, p-IκBα and IκBα. Here, GAPDH serves as a loading control. (E) Either scramble shRNA or SUMO2-shRNA were transiently transfected in RPMI8226 cells. After 48 hours, western blot analysis was performed to detect SUMO2 protein levels. Here, GAPDH serves as a loading control. (F) EMSA assay was performed to detect NF-κB binding to its consensus binding sites on biotin labelled DNA probe using cell lysate of RPMI8226 cell lysates transfected with either Scramble shRNA or SUMO2-shRNA for 48 hours. Here, OCT1 serves as an internal control for EMSA assay. (G) Reciprocal immunoprecipitation analysis using anti-IκBα and anti-SUMO2 antibodies from cell extracts of RPMI8226 cells transfected with Scramble shRNA or SENP2-shRNA for 48 hours. 
Discussion
Despite initial clinical success in treating MM, many patients eventually relapsed from bortezomib therapy due to resistance development 27, 28 . Bortezomib resistance is caused due to mutations in the binding pocket of PSMB5 subunit of proteasome that resulted in impaired drug binding. Additionally, upregulation of proteasomal subunits and subsequent alteration in the ratio of proteasome subunits also contributed to resistance development 29, 30 . With the relevance of PSMB5 mutations in relapse of MM patients remaining elusive 28 , discovering alternate mechanisms potentiating bortezomib resistance are crucial for designing novel therapeutic interventions to treat these malignancies. Recently, unfolded protein response pathway and vesicular exocytosis of ubiquitilated proteins were reported to induce bortezomib resistance 8, 31 . Besides this, constitutive activation of NF-κB is implicated in the development of bortezomib resistance in MM patients 24 . In this study, we found silencing of SENP2 in MM patients as a mechanism contributing to the development of bortezomib resistance through the activation of NF-κB. Similarly, activation of NF-κB was found to induce drug resistance in others cancers too 32 . Thus, targeting NF-κB activation is crucial for overcoming bortezomib resistance in MM and drug resistance in other cancers 33, 34 .
Several components of sumoylation pathway were found dysregulated in cancers, which caused severe defects in cell proliferation and genome stability resulting in the development and progression of cancers 21, 22 . Similarly, dysregulation of sumoylation pathway was found to be associated with adverse patient outcome in MM. The SUMO conjugating enzyme UBE2I and SUMO-ligase PIAS1 were found to be upregulated in MM patients, which correlated with the poor patient survival 21 . Additionally, SUMO-specific protease SENP1 was found aberrantly expressed in MM cells, which is associated with enhanced cell proliferation 35 . However, role of sumoylation in drug resistance development in MM is not well understood. In this study, we found SUMO-specific protease SENP2 expression anti-correlated with bortezomib resistance in MM patients. Furthermore, we found SENP2 modulation of bortezomib resistance is through inhibiting NF-κB activity via regulation of IκBα sumoylation. In agreement with our findings, Gao et al. 36 found that SENP2 sensitizing breast cancer cells to doxorubicin drug resistance through the inhibition of NF-κB activity 36 . Thus, SENP2 plays a critical role in overcoming drug resistance in cancers.
SENP2 is a tumor suppressor; its expression is silenced in osteosarcoma 37 . Similarly, we found SENP2 expression silenced in bortezomib resistant MM. While the mechanisms controlling SENP2 expression in cancers remain unknown, NF-κB shown to induce the expression of SENP2 under genotoxic stress condition. Thus, there is a negative feedback mechanism, wherein, NF-κB activates SENP2 expression and inturn SENP2 inhibits NF-κB activity 38 . Despite constitutive expression of NF-κB in cancers, SENP2 expression is found silenced, indicating additional epigenetic mechanisms operating in silencing of SENP2 expression, which could therefore serve as attractive targets for treating bortezomib resistant MM. Our findings suggest that silencing of SENP2 leads to activation of NF-κB through the modulation of IκBα sumoylation resulting in bortezomib resistance development in MM. Thus, identifying SUMO-ligases that target IκBα could also serve as additional novel targets for treating bortezomib resistant MM. However, additional research is demanded to uncover epigenetic mechanisms silencing SENP2 expression and also to identify aberrantly expressed SUMO-ligases of IκBα in MM. In summary, loss of SENP2 expression in MM leads to increase in IκBα sumoylation that results in the activation of NF-κB, which induces bortezomib resistance in MM (Fig. 5 ).
Methods
Ethics statement. All the multiple myeloma patients have signed informed consent forms. The present experiments including human and animal subjects, operating procedures and protocols were approved by the Ethics Committee of Ningbo Beilun People's Hospital. All the experiments in this study were performed in accordance with the relevant guidelines and regulations formulated by the Ningbo Beilun People's Hospital, Ningbo city, Zhejiang province, China and by following international guidelines.
In silico data analysis. All the in silico analysis was performed by using R 3.4.3. To narrow down bortezomib sensitive genes, we first extracted GSE5900 gene expression dataset from GEO (Gene Expression Omnibus) database, healthy donors (n = 22), MGUS (Monoclonal Gammopathy of Unknown Significance, n = 44) and smoldering MM (n = 12) patients were present in this dataset. The following criteria's are followed for the analysis;
(1) Gene expression value was log2 transformed, standardized by preprocess Core package. (2) Using healthy donor (n = 22) as control, differential expressed genes in MM patients (n = 12) were calculated by limma package, FC < −1 and p < 0.05 (FDR adjusted) were identified as down-regulated genes.
sgRNA library preparation and bortezomib resistance screening assay. The steps followed for the sgRNA library preparation and sequencing are as follows. (1) sgRNA library design, synthesis and amplification were performed by Yuwenbo biological company (Shanghai, China). sgRNA library backbone selected was Lenti Crispr V2 vector and 3 sgRNAs were designed for each gene. (2) sgRNA lentivirus library is prepared by using 2 nd generation of lentivirus package system. The lentivirus package vector PMD2.G (12259) and pSPAX2 (12260) were purchased from Addgene (USA). In our test system, each 10-cm 2 dish would generate 5 million library virus particles. For this purpose, we transfected 3 μg PMD2.G, 9 μg pSPAX2 and 12 μg of sgRNA library plasmids in 293 T cells to achieve the library coverage reached 1000. Then the cell culture supernatant containing lentivirus was collected and lentivirus were concentrated by using ultracentrifugation. (3) To achieve 0.1 Multiplicity of infection (MOI, virus:cell = 1:10), we infected 50 million RPMI8226 cells with 5 million lentivirus particles in 15-cm2 dish, after 48 h, 2 ug/ml puromycin was added and selected for another 7 days to select only lentivirus infected cells. Then the RPMI8226 cells were cultured in complete medium for 48 h. (4) Further, RPMI8226-sgRNA library cells were selected by treating 25 nM bortezomib for 2 days for bortezomib resistance screening. Before selection, 2 million library cells were saved, which served as a control. Real time Q-PCR assay. Total RNA from patients sample was extracted by using Trizol reagent (Invitrogen, Carlsbad, CA, USA) and cDNA libraries were prepared by following standard procedures. Then Q-PCR analysis was performed to detect gene expression levels using TB Green Premix Ex Taq II(Clontech, Dalian, China) in 7500 fast system. The primer sequence sets of SENP2 used are SENP2-F, 5′CAGAGACGATGGTCGGAATCAG3′, SENP2-R, 5′CCTCCTGAGTAAGCCATTGCTTC3′. The GAPDH primers sequence used are GAPDH-F, 5′GTCTCCTCTGACTTCAACAGCG3′, GAPDH-R, 5′ACCACCCTGTTGCTGTAGCCAA3′. The relative expression level of SENP2 was determined by 2 −ΔΔCT value. The experiment is performed in triplicates and the average values are represented as a fold change in gene expression. The significance was determined by the T-Test and represented as p-value.
Cell proliferation and apoptosis assays.
(1) Cell proliferation assay: The cells were grown to subconfluence in 96-wells plate and cell proliferation was determined by using Cell Counting Kit-8 (CCK-8) (Dojindo molecular technologies, Rockville, MD, USA). (2) Apoptosis assay: Cells were labeled with APC-conjugated Annexin-V (BD Biosciences, San Jose,CA)/ propidium iodide(PI), then apoptosis was detected using FACS caliber (BD Biosciences, San Jose,CA).
EMSA (electrophoretic mobility shift assay).
For this purpose, nuclear and cytoplasmic proteins were fractioned by using cell protein fractionation kit (Sangon Biotech, Shanghai, China). Then the nuclear fraction was applied to the DNA probes of NF-κB binding sites, 5′AGTTGAGGGGACTTTCCCAGGC3′ and internal control OCT-1 DNA probe 5′TGTCGAATGCAAATCACTAGAA3′, which were labeled with biotin using EMSA Probe Biotin Labeling Kit (Beyo-time, Nantong, JS, China). And then bound nuclear proteins were detecting by Chemiluminescent EMSA Kit (Beyotime, Nantong, JS, China). 
Endogenous immunoprecipitation (IP).
